Abstract: Diatom growth strategies, which are used as a proxy to analyze disturbances and environmental impacts, can also provide reliable information about environmental gradients. In this study, we used diatom communities and biological traits to assess the structure of epilithic diatoms after an oil spill in a large tributary of the Iguaçu River (Paraná, Brazil). epilithon and water samples were taken on July 12th, 2004, and after an unexpected oil spill, on the following days: 09/19, 10/03, and 10/13/2004. We observed that the spill caused a distinct shift in both diatom composition and guild group. Diversity decreased and pollution-tolerant diatoms of the motile group became dominant in response to the elevated nutrient levels and reduced light. Tube-forming diatoms, which are strong competitors for light, dominated the epilithon 24 days after the oil spill. Both diatom guilds and growth forms were successfully used to predict the environmental conditions. While diatom guilds responded to disturbances along a temporal gradient, changes inside the guilds were the main factor for understanding the environmental gradient.
INTRODUCTION
Diatoms are a very diverse group of unicellular photosynthetic microorganisms characterized by a silicified cell wall known as frustule whose ornamentation is used for taxonomy purposes (Round et al. 1990 ). Diatoms may live free-floating in the water column (phytoplankton) or attached to submerged substrates (periphyton), lying in a polysaccharide matrix with other microorganisms (Wetzel 1983) . Specialized structures in the mucilage extruding from the apical pore field, the rimoportulae and the raphe enable cells to adhere to surfaces or to slide across them (Round et al. 1990) , thus acting as a competitive strategy for resources in the biofilm (Passy 2007) . Diatom growth depends on light, water chemistry, temperature (Patrick and Reimer 1966) , resource availability, grazing (lange et al. 2011) , and water disturbances (Peterson and Stevenson 1992) .
Due to limited mobility, the attached community is exposed to adverse conditions and is thus well-suited to be used worldwide for assessing environmental impacts (Stevenson et al. 1996) . Since diatom taxonomy is usually rather complex and time consuming, the use of biological traits in ecological status assessments can provide a more efficient alternative. The use of biological traits in predicting environmental-ecological aspects is suitable when species-level identification may be complicated or even impracticable. The application of diatom-based indices requires accurate species identification and is constrained by geographical limitations. In addition, diatom-based indices are calibrated to local information, which prevents their general use (lobo et al. 2004a (lobo et al. , b, StengerKovács et al. 2007 . ecological guilds group species that exploit the same resources within the same ecological preferences, however, showing different adaptations (Simberloff and Dayan 1991) . Diatom ecological guilds are strongly related to environmental gradients and respond to disturbance effects and resource availability (Passy 2007 , Lange et al. 2011 , Berthon et al. 2011 , DeNicola and Kelly 2014 . Studies have shown that biological traits can be successfully used for the assessment of ecological conditions in rivers (Passy 2007 , lange et al. 2011 , Schneck and Mello 2012 , Stenger-Kovács et al. 2013 , lakes (Faria et al. 2015) , and wetlands (Riato et al. 2017) at different levels of stress or disturbance.
Accidental oil spills in marine and freshwater affect aquatic biota by disturbing structures essential for vital processes and by causing chemical intoxication (Snow and Scott 1975) . Oil discharges can also raise nutrient availability in the water column, favoring eutrophication (Snow and Scott 1975) and reducing light availability for photosynthetic organisms. In addition, losses in periphytic biomass have been recorded as a result of oil exposure (Singh and gaur 1989, Nayar et al. 2004 ). On the other hand, the opposite may also occur, since algae biomass can be stimulated by oil (Snow and Scott 1975) , as algae grazers can be suppressed (Cubit et al. 1987 ) by oil toxicity (Scholten and Kuiper 1987) , thereby increasing primary production (Bakke and Johnsen 1979) . These antagonizing results may reflect the controlled conditions of the studies, which cannot incorporate the multistressor effects of natural environmental conditions. There is increasing interest in the impacts of oil spills on natural benthic conditions, e.g. a study on mangrove benthic communities in French guiana (Jézéquel et al. 2017 ). However, the study did not investigate primary producers and the main focus was preparedness due to high risk of oil spills from the Brazilian offshore companies.
The central idea in monitoring of aquatic environments by using biological traits is the possibility of assessing environmental conditions when limited chemical analysis data are available. We assessed the responses of epilithic diatom communities to an unexpected oil spill which occurred in the subtropical freshwater Negro River (in southern Brazil). We used diatom guilds and growth forms as a proxy to estimate the environmental health in each sample. We hypothesized that a temporal gradient was formed after the oil spill and that the discharge affected diatom community.
METHODS

STUDY AReA
The Negro River belongs to Iguaçu River basin, located between the cities of Mafra (Santa Catarina State) and Rio Negro (Paraná State) lange-Bertalot (1986, 1991a, b) , Krammer (1997a, b) , lange-Bertalot (1998, 2007) , Metzeltin et al. (2005) , Hofmann et al. (2013) , levkov et al. (2013, 2016) , and herein we provide the list of diatom taxa of the Negro River and the accompanying metrics. Diatoms were classified into three guilds: motile, high-profile, and lowprofile (adapted from Passy 2007 and Berthon et al. 2011 ) and into six growth forms: motile, erect, colonial, tube-forming, pioneer, and planktonic (adapted from Rimet and Bouchez 2011 , Berthon et al. 2011 and Faria et al. 2015 .
DATA ANAlYSIS
Dendrogram of similarity (two-way dendrogram, euclidean distance) based on the environmental data was used in PC-ORD v6.0 (McCune and Mefford 2011) to investigate nutrient gradients after the spill. Bartlett's test was applied to check homogeneity of variances across samples and KolmogorovSmirnov test to check normality. To describe the diatom community, we used ranking of abundance and calculated diversity indices (Shannon-Weaver) followed by a t-test between diversities using PAST software (Hammer et al. 2001) . To investigate richness, one-way ANOVA was used followed by the Tukey test in Statistica 7.1 (StatSoft Inc. 2005) . We also provide Spearman's correlation between biotic and abiotic data (excluding the sample before the oil spill). To investigate temporal changes in guild and growth form composition in response to oil spill disturbances, Principal Component Analysis (PCA) was performed using data from all the three sampling events after the spill. Data was normalized by log x+1 transformation. (2019) 91(2) e20170863 4 | 17
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RESULTS
Dendrogram of similarity using environmental data showed that the primary clustering separated the sample taken one week after the oil spill (after1) with 100% dissimilarity (Fig.1) . Sample after1 showed reduced pH (6.9) and conductivity (29 µS cm -1 ) and increased TS (100 mg l -1 ) values; higher BOD 5 (6.29 mg O 2 l -1 ), COD (13.4 O 2 l -1 ), NO 3 -(1.9 mg l -1 ), and NO 2 -(0.03 mg l -1 ) values were also registered. The subsequent samples (after2 and after3) have been grouped together due to high similarity; both showed increases in pH (7.2) and conductivity (39 µS cm -1 ), as well as high rainfall (200 mm), which kept the TS values high (±95 mg l -1 ). PO 4 3-showed a temporal gradient decreasing from after1 (0.47 mg l -1 ) to after3 (0.14 mg l -1 ). After3 showed some increases in water column light penetration (5 cm) as well as reduced BOD 5 (3.7 mg O 2 l -1 ) and COD (5.5 O 2 l -1 ) values; after3 was grouped with the sample before the oil spill, with ~60% similarity.
A total of ninety-nine diatom taxa were identified, classified into 35 genera and 22 families. The most representative families were Naviculaceae and Cymbelaceae (Table I ). Rank abundance revealed that the sample taken before the oil spill had a greater uniformity, while the sample taken after had less. greater richness and diversity were recorded before the oil spill (S' = 77 and H' = ±3.09, respectively); the motile guild had the highest richness (S' = 49), followed by the highprofile (S' = 23) and low-profile guilds (S' = 5).
We investigated the temporal gradient after the oil spill. Diversity t-test showed a negative diversity gradient reducing over time (t = 9.93, p < 0.001), suggesting changes in diatom community composition as a result of a temporal environmental gradient. We found a richness temporal gradient which declined from after1 (S' = 53) to after3 (S' = 34; F = 16.80, p < 0.001). In after1, the motile guild presented higher richness (S' = 28) than the high-profile (S' = 21) and the low-profile (S' = 4) guilds; the three guilds decreased over time and in after3, richness was as follows: motile guilds (S' = 16), high profile guilds (S' = 15), and low-profile guilds (S' = 3). In after3 we found that 43% of diatom community relative abundance was comprised of the tube-forming diatom Encyonema perpusillum (Cleve-euler) and 26% of the motile diatom Navigeia aikenensis (R.M. Patrick) l.N. Bukhtiyarova.
Higher motile guild diversity was registered before the oil spill (H' = 3.06). Diversity t-tests showed that the guild diversity was lower in after1 (H' = 1.9; t = 9.70, p < 0.001) due to the abundance of Navigeia aikenensis and Navicula veneta Kützing, as well as Mayamaea permitis (Hustedt) K. Bruder & Medlin and Sellaphora nigri (De Notaris) C.e. Wetzel & l. ector. The motile guild, which dominated the diatom community in after1 (70%) was positively correlated with phosphate concentration in water (r = 0.99, p = 0.03). The proportion of motile guild abundance decreased over time (F = 17.65, p < 0.001) due to replacement by the low-profile guild. Moreover, the motile diatoms Luticula goeppertiana (Bleisch) D.g. Mann and N. aikenensis persisted in the periphytic matrix after the oil spill, whereas L. goeppertiana grew between after1 and after2, while N. aikenensis was observed in the periphytic matrix until after3. 
BIOlOgICAl TRAITS OF DIATOMS IN NegRO RIVeR
An Acad Bras Cienc (2019) 91(2) e20170863 5 | 17 The low-profile guild was composed of three species of the Achnanthidium Kützing complex. The low-profile guild abundance increased considerably (65%) between after1 and after2 as a result of high rainfall (r = 0.99; p = 0.02). The high-profile guild diversity declined between after1 (H' = 2.44) and after2 (H' = 2.18) with a persistence of tube-forming diatoms. After1 and after2 were marked by low Secchi depth (80-83 cm), high TS (100-90 mg.l 1 ), and increases in rainfall (85.2 to 200 mm). The high-profile guild diversity decreased substantially in after3 (H' = 1.13; t = 13.64; p < 0.001) and was dominated by tube-forming diatoms.
PCA explained 82.99% of the variation in the dataset in the first two axes (p < 0.001) revealing a temporal gradient among diatom guilds, growth forms and the samples (Fig. 2) . We used replicates as independent samples and along with the heteroscedasticity, the replicates of a given sampling period were plotted together. The first sample taken after the oil spill (after1) was characterized by the motile guild (r = -0.71; axis 2) comprised of motile diatoms (r = -0.98; axis 2). The after2 sample was characterized by the lowprofile guild (r = 0.40; axis 2) and after3, by the high-profile guild (r = 0.48; axis 2). The after2 sample was comprised of erect (small and ruderal) taxa (r = 0.81, axis 2) and planktonic (r = 0.78; axis 2) growth forms, whereas the after3 sample was composed of colonial (r = 0.99; axis 1) and tubeforming (r = 0.99; axis 1) growth forms.
DISCUSSION
Vegetable oil forms a barrier on the surface water, constraining aquatic organisms by reducing dissolved oxygen and light availability. We registered high COD after the oil spill. COD in surface waters is useful for determining the degree of pollution by reflecting the total amount of hydrocarbon degradation. Thode-Filho et al. (2015) evaluated vegetable oil passive bioremediation (or natural attenuation) and revealed that the maximum biodegradation rate occurred around the thirtieth day of the experiment followed by total oxygen consumption. Reduced COD occurred in after3 and, with the high similarity among environmental variables, revealed a tendency to recover to the predisturbance conditions 24 days after the oil spill. Jézéquel et al. (2017) noticed high hydrocarbon degradation rates after one month under natural conditions. On the other hand, the authors also found a mortality rate of approximately 90% in the mangrove macrobenthic community exposed to hydrocarbon contamination.
The Negro River motile diatom guild was species-rich and dominated the diatom community after the oil spill. However, motile guilds in after1 showed lower richness and diversity relative to the community sampled before the oil spill. The motile guild is formed by fast-moving species and strong competitors in nutrient-enriched environments; motile guild benefits from shaded places-when these species can move into the periphyton matrix as a response to this type of physical stress (Passy 2007) . After1 was marked by high TS and shading, and high nutrients which may be due to the oil discharge (Snow and Scott 1975) . Negative correlation between algae abundance and suspended matter was also observed by Ács and Kiss (1993) in the Danube River. Motile diatoms may become abundant in an environment with high concentrations of nutrients and TS (Faria et al. 2015) . Notwithstanding the well-established literature around diatom guilds and growth forms, locating species tolerance information was difficult. even with an accurate taxonomical investigation, we had some difficulties in finding infra-generic ecological data. Most of the Naviculaceae, Sellaphoraceae, and Diadesmidaceae taxa are undergoing constant taxonomical reviews and consequent synonymization and reclassification (Novais et al. 2013) . Additionally, new taxa are continuously being discovered. The aforementioned taxa were recorded previously in polluted rivers (lobo et al. 2004a , b, 2016 , Hermany et al. 2006 , Novais et al. 2013 and in an eutrophic reservoir (Marra et al. 2016) , and are considered tolerant, in particular L. goeppertiana which has a high tolerance to TS (Céspedes-Vargas et al. 2016) . Based on the literature, therefore, we considered them a tolerant taxa. The motile guild, having low diversity and being dominated by tolerant species, could be related to the disturbance caused by nutrients and shading, which sustains our biological traits approach.
Rainfall is a disturbing factor for periphytic communities which causes movement of inorganic particles and consequently shading by the drifted sediments (Ács and Kiss 1993). The high-profile guild comprises diatoms of tall stature, including stalked, filamentous, chain-forming, and tubeforming species that grow erect on substrates. These strategies provide capability to access resources as light and nutrients (Passy 2007) . During their phylogenetic evolution, algae develop different strategies for attaching to surfaces or for surviving in flowing waters, after which the riverine periphyton can handle some constant disturbance level (Ács and Kiss 1993) . Nevertheless, the high-profile guild becomes sensitive in light-and nutrient-rich environments (Berthon et al. 2011 ). Development of attached algae can be related to light penetration after the breaking of the oil barrier (Snow and Scott 1975 ), but we found very few changes in light penetration, maybe because the TS inputs were incited by the rainfall. However, the tube-forming Encyonema perpusillum (Cleveeuler) D.g. Mann prevailed in after3 together with the low changes in light availability in the water column; their anatomic structure abets competitive ability for the use of light (Hermany et al. 2006) . On the other hand, Rimet and Bouchez (2011) reported increases in tube-forming diatoms when testing pesticide-contamination effects in mesocosms. The authors hypothesized that the polysaccharide of the mucilaginous tube protected cells under chemical disturbances. We can argue, therefore, that tubeforming diatoms showed ability to compete for light and that their dominance over other growth forms could indicate chemical imbalance imposed on the diatom community, as well as reduction of available oxygen due to oil degradation.
The low-profile guild, mainly represented by Achnanthidium minutissimum (Kützing) Czarnecki, probably benefited from the environmental conditions that occurred in after2 due to high rainfall. The low-profile guild consists of short stature diatoms, slow-moving species, and solitary centrics (Passy 2007) . The disturbance event favored pioneer growth forms and ruderal species (Peterson 1996) that are tightly attached to the substrate (Peterson and Stevenson 1992) and resistant after disturbances (Stevenson 1997, Schneck and Melo 2012) such as physical stress persisting in the periphytic matrix (Rimet and Bouchez 2012 , Faria et al. 2015 , Riato et al. 2017 . A. minutissimum is largely recorded in lotic and lentic eutrophic environments (lobo et al. 2004b, Ács et al. 2005) , even in hypereutrophic conditions (Faria et al. 2013) , and could be considered tolerant to strong nutrient inputs. The mean width of A. minutissimum valves was used as a biological trait related to nutrient levels in Swedish streams (Jarlman and Kahlert 2009, Kahlert et al. 2009 ). The authors proposed that mean width < 2 µm is associated with oligotrophic waters, 2.2-2.8 µm with oligo-mesotrophic waters, and > 2.8 µm with eutrophic waters. This trait applicability was tested and confirmed by Vilmi et al. (2015) who studied anthropogenic eutrophication of a large lake. The valve metrics of A. minutissimum from our study site showed larger widths (3-4 µm) than observed by Vilmi et al. (2015) . This data may support metric answers to nutrient inputs in the water or represent a local community response to natural conditions. Therefore, we encourage further investigations of morphological variation responses to chemical contamination and anthropogenic pollution.
Both diatom guilds and growth forms were useful for predicting the environmental conditions in the Negro River. While diatom guild richness formed a temporal gradient after the oil spill, the variability of the growth forms inside the guilds gave us tools to visualize the environmental conditions without accurate chemical monitoring. Changes inside the guilds were the main factor for understanding the environment. We point out that the high-profile and the motile guild diversities decreased over time due to increases in tubeforming diatoms and the resistance and dominance of the motile diatom N. aikenensis, respectively. These changes inside the guilds favoring the dominance of tolerant diatoms were strongly related to the responses of diatoms to abiotic changes largely presented in the literature. The disappearance of most diatoms in after3 followed by the abovedescribed dominance may be the result of a combination of factors such as oil toxicity, low oxygen and disturbance-once the currents during raining period were able to remove dead cells. Since recolonization was not observed, we suspect that the oil density could be detrimental to the bioturbation activity, preventing natural propagule resuspension driven by the currents (Facca et al. 2002 , Algarte et al. 2014 .
Based on diatom functional traits, we were able to understand the environmental dynamics in a river driven by an unexpected oil spill. We were also able to find links between abiotic data, disturbances and biological traits. Therefore, we emphasize the importance of our findings in natural conditions. It is not possible to exclude the natural multistressors (such as canopy, differences in stream gradient and flow velocities, dispersal process, stochasticity, seasonality, differences in photoperiod, and/or grazers) in an uncontrolled field study. However, we highlight the importance of divulging our findings after this unexpected oil spill, as we have shown that environmental changes can be predicted by applying diatom biological tools. We believe that our results support the importance of continued investigation into diatom functional responses to physical and chemical disturbances. The use of ecological guilds is a valuable tool in monitoring environments after a disturbance because many taxa may use more than one strategy of attachment for competition or in handling physical stressors (Wang et al. 2014) . Knowing diatom ecological preferences can abet their usefulness as a tool to assess environmental changes (Berthon et al. 2011) and better understand the dynamics and impacts occurring in a previously unstudied environment, as in the case of Negro River. We also support future research aimed towards applying controlled conditions to better understand diatom responses to oil contamination for possible future environmental predictions.
